ver), and Flaviviridae (St. Louis encephalitis and Japanese B encephalitis).
In an intentional release, exposure may occur by routes in which the bioagent is not transmitted in nature. The potential for transmission is a function of transport and persistence in the environment, with the transport probability based upon both predicted entry ports and other portals not usually considered significant or lacking in nature. Information on the environmental persistence of these agents is limited but essential for estimating where the greatest environmental exposure may occur through a risk assessment framework.
The purpose of this review is to assess the current information on the persistence of select agents on the CDC category A agent list in the environment and its implications in a terrorism response.
ROUTES OF EXPOSURE
The release of vertebrate pathogens may occur intentionally, by accident, or by natural release in the bodily fluids of those infected. All category A agents can be expected to be released in the bodily fluids of infected persons or animals ( Table 1 ). The concentration of these agents in these materials can be significant ( Table 2) . Most of the agents in nature are primarily transmitted by insect vectors or through animal contact or material contaminated by infected animals. The demonstrated or suspected natural routes of transmission are shown in Table  3 . For the bacteria in particular, multiple routes of transmission are possible, although some may play a minor role in nature. The agents' persistence characteristics in aerosols, fomites, and water are detailed in Tables 4, 5 , and 6, respectively.
PERSISTENCE IN THE ENVIRONMENT
The maintenance of infectivity by any pathogen outside the host is dependent on a number of factors including temperature, relative humidity, desiccation, and UV light. Temperature has the greatest effect, since the rates of most chemical and physical processes are dependent upon it. Temperature is also the most useful parameter for modeling microbial decay rates for microbes that cannot replicate in the environment. Relative humidity (and desiccation) is also a significant factor for survival in air and on fomites (9) .
For comparative purposes and to assess long-term exposure risks, we calculated inactivation coefficients (K i ) with the following calculation for the titers per unit volume (ml, g, or cubic meter of air): [log 10 reduction (initial titer Ϫ final titer/volume or weight]/total hours of viability (9) . Inactivation coefficients were assumed to be linear functions and were not used to calculate T 90 and T 99 values, which are the times required for the initial titer to decrease by 90% (T 90 ) and 99% (T 99 ); these values were calculated using the survival curve, which is typically not linear. Therefore, T 90 and T 99 values usually underestimate viral survival compared to inactivation coefficients (K i values). We estimated these from published data tables and/or figures if available. Aerosols. Research on category A pathogen survival in aerosols is limited, but it is known that most biological agents, with some exceptions, face decay once exposed to air due mainly to freezing, dehydration, and UV exposure during the daylight as well as to many other contributing environmental factors (45, 50) . In general, vegetative forms are much more susceptible to open-air conditions than bacterial spores (Tables 4 and 7) (36, 73, 80) .
B. anthracis in its vegetative form usually will not survive for long outside of a host and will form spores when exposed to oxygen (26, 88) . Early studies on anthrax spores demonstrated very long survival times (Table 7) . One limited study examined the survival of anthrax spores in outdoor air and showed that B. anthracis spores retained complete viability when exposed for several hours during the nighttime (61) . This finding is expected, as spores are highly resistant structures and are at least 10-fold more resistant at night than during the day (82) . Additional studies examined air for B. anthracis spores and reported viable DNA over several U.S. cites and in the upper atmosphere (15, 33, 60) . Other studies of survivability in water and on fomites suggest that the aerosol survival of B. anthracis spores could be long (24) . Many other modeling studies, animal dose-response models, epidemiological studies, and studies with surrogate organisms (11, 12, 30, 72, 90) that reveal qualitative information related to B. anthracis survival in air are available, but experimental evidence is lacking or is classified.
Y. pestis exhibited a constant decay rate when it was aerosolized at an rH of 50% in heart infusion broth (94) . An abrupt loss of viable organisms occurs when rH rises above 50%, especially to 85%. F. tularensis responded similarly by having the lowest survival at a high rH. Additional studies found that the effect of temperature on survival is linear when the rH is above 85%.
Many of the studies on viral survival exhibited an initial log die-off within the first few minutes of aerosolization. Vaccinia virus behaved in this manner, but ultimate survival was determined by rH and temperature. The T 99 was about 9 h even under the most challenging rH and temperature (40, 41) . Because the Lassa fever virus can be present in pharyngeal secretions and urine for up to 3 to 4 weeks after a patient's clinical signs have subsided (65) , there is a long window in which the infective virions can become airborne. An aerosol study found that 75% of the virus was infective after 4 min at 24°C (81) . The Ebola and Marburg filoviruses are not typically transmitted by aerosols, but laboratory studies with monkeys demonstrate that the disease could potentially be transmitted through respirable particles (46, 47, 55) . Epidemiological investigations have found that most human cases occurred due to direct contact with blood, secretions, or tissues of infected patients or nonhuman primates (6, 10, 53) . The survival of Japanese B encephalitis virus was shown to be inversely related to rH (52) , with longer survival times at lower levels. A study on the St. Louis encephalitis virus, another major flavivirus, found different results; no loss of titer was associated with differences in rH (71) . Limited studies have verified the stability of hantavirus in air, while epidemiological studies have characterized disease transmission to humans as through wounds or inhalation of aerosolized rodent excreta (78) .
Fomites. Studies detailing the survival of category A agents on fomites describe surface characteristics, rH, and temperature as major contributors to viability (Table 5 ) (9) . Stainless steel, polyethylene, glass, and paper were assessed for Y. pestis survivability. It was found that these pneumonic plague bacteria remained viable much longer on paper, potentially due to surface roughness and hydrophobicity (75) . The smallpox virus was less sensitive to differences in surface and environment; it remained viable for up to 2 weeks on fomites with various rH values, temperatures, and surface textures (58) . Three Bunyaviridae hemorrhagic fever viruses, Hantaan virus, Sicilian virus, and Crimean-Congo virus, showed various survival times on aluminum discs, with the Sicilian fever virus exhibiting a T 99 of up to 2.2 h (39).
Knowledge of survival of B. anthracis on fomites is fairly limited. Several studies have revived spores dried on filter paper after 35 and 41 years (67) . Another study recovered anthrax spores from canvas after 22 years (37) .
Water. Most of the research on pathogen survival in water has been on waterborne pathogens, i.e., those transmitted by (Tables 6 and 7 ). Humans and animals are the natural hosts of these pathogens, which normally cannot replicate in the environment. Of all the category A select agents, only B. anthracis and F. tularensis are capable of replication in the environment. However, all of the agents may be excreted in the feces and urine; thus, they are likely to end up in sewage systems or in water during recreational (34) activities. This appears to be the least studied area on environmental survival of category A select agents. Waterborne outbreaks of F. tularensis have been documented (38, 68, 87) . F. tularensis type A has been isolated from natural waters and mud contaminated by muskrats and beavers (69) , and the organisms may be capable of multiplication in these environments (35, 69) . F. tularensis type B has also been isolated from surface waters, including drinking water supplies (22, 83) . An additional study found that the vaccine strain could persist for at least 40 days at 8°C in tap water (32) . However, the organisms entered a viable but nonculturable (VBNC) stage, and 65% of the original inoculum remained viable after 140 days. The VBNC organisms were not capable of causing tularemia in mice. The organism is also known to replicate intracellularly in protozoa similarly to the waterbased pathogen Legionella, and this could act to serve as a reservoir in aquatic environments or at least prolong its persistence (1) .
Y. pestis is also capable of transmission by inhalation of aerosol (48) . It has been reported to enter the VBNC state when added to deionized water at 28 and 37°C (4) and may be capable of persisting in cysts of amoebas (3) . It was reported to survive 16 days in tap water and well water (64) and has been detected in sewage (31) . Early studies show that vegetative B. anthracis dies after only 72 h in distilled water (17) or has a maximum survival of 6 days in water (64) . There is a controversy as to the life cycle of B. anthracis in water (26, 63, 88, 89) . Contrarily, B. anthracis spores can survive for a much longer time in water. Some suggest that because large herbivores can become infected through ingestion of spores at drying water holes in Africa, it is possible that humans could also contract the illness via water (19) . Unfortunately, most information describing the longevity of spores in water is from the early 1900s and lacks detailed descriptions of procedures or lacks data on initial and final concentrations. Recent data extrapolation calculates that B. anthracis spores will survive for 620 years at room temperature; however, this assumes a linear relation to survival at decreasing temperatures (23, 24) . There are also data on spore survival in water for species taxonomically close to B. anthracis, and this information can be used to extrapolate the behavior of B. anthracis (64, 80) ; however, actual experimental evidence using B. anthracis is very limited. Table 7 shows some of the limited data available on B. anthracis survival.
Hantavirus is excreted in the urine and saliva of rodents and may contaminate water, although waterborne transmission is unproven. A recent study investigated the survival of hantavirus and related arthropod-borne members of the Bunyaviridae family in cell culture media at various temperatures (39) . A 99.9% decrease in virus titer at 20°C required about 20 days. The most stable of the viruses studied was the Sicilian virus, carried by the sand fly; this virus showed little inactivation after 10 days at 20°C.
Data on the stability of smallpox virus come largely from studies of scabs, vesicles, and bodily fluids (29, 93) . Most of the useful studies have been conducted with vaccinia virus, a genetically related virus in the smallpox vaccine. The genus Orthopoxvirus is a very stable group of viruses. Little is known about the stability of the arenaviruses and flaviviruses in water or other liquids because they are not known to be naturally transmitted by this route. The flavivirus yellow fever virus, when reconstituted from a vaccine, was able to survive for several days at 37°C (2) .
Soil. Bacillus species spores have been found and revived from sediments perhaps as old as 1,000 years and some have claimed from Paleozoic salt beds (80) . Viable spores of B. anthracis have been found after 40 years on Gruinard Island (59), and Lewis reported on recovered viable spores from sealed soil samples stored for 60 and 68 years (56) . As soil is part of the organism's ecological life cycle, it is expected that spores persist in particular types of soil for many years, where they may germinate and multiply (26, 88, 89) . Table 7 shows that some spores can remain viable in soil for many decades.
Soil moisture and organic matter content are important to the survival of Y. pestis. In soil, Y. pestis may multiply under favorable soil conditions and will survive for more than 10 months in soil at 4 to 8°C and for 3.5 months at room temperature (13, 14, 64 ). 
DISCUSSION
Exposure is critical to estimating the risk posed by pathogens capable of environmental transmission and creates the greatest amount of uncertainty in estimating the risk of infection to exposed populations (34) . Models can be developed to predict exposure after the release of a pathogen in the environment, but die-off or decay rates are critical in this estimation. To have the greatest utility, die-off rates (K i ) need to be as quantitative as possible. This review reveals that information appears to be very limited for select agents in category A. Because no investigators have appeared to use similar methods, data comparison between groups of organisms is of limited value. The development of standardized testing methods and conditions for assessing survival would be of the most value. Consideration must also be given to the usual multiphasic die-off rates, or otherwise they may be underestimated. For example, die-off of organisms is usually most rapid during aerosolization or drying on fomites.
With the limited database, it is difficult to make generalizations; however, it appears overall that the greatest stability of the select agents was seen for liquid environments (Table 6 ) and the least for aerosols. Desiccation during aerosolization and drying on fomites were major factors contributing to the steep initial die-off trends for fomite and aerosol environments. The viruses were generally more stable in aerosols than were the other agents, except for the spores of B. anthracis. F. tularensis was the most stable non-spore-forming organism in water, reflecting its potential to grow in this environment. Vaccinia virus and B. anthracis were the most environmentally stable agents overall.
The available data would suggest that the greater longterm exposure to agents once released into the environment would be from water or fomites. In these media, agents will persist longer than in aerosols and present the greater hazard. Also, aerosols are usually only a transitory medium for these agents in nature, as the organisms quickly settle out. The potential for resuspension into the aerosol state is largely governed by the potential for survival on a fomite or in a liquid that may be aerosolized. Overall, further survival studies need to be conducted on all category A select agents within the context of human exposure to liquid, soil, fomites, and aerosols.
